INTRODUCTION
Bullard, Everett and Smith's (1965) computer fit of the circum-Atlantic continents has become something of a geophysical icon. It gave rise to new ideas and set new approaches in motion, whose consequences are still being worked out today. The paper has been cited over one thousand times in refereed journals, and after over forty years is still cited about ten times per year. The two surviving authors decided to write this account of its genesis, partly because on meeting one another again after a long interval they both realised that their individual memories of an interesting story were incomplete, and partly because some accounts of its genesis that have appeared in the literature are incorrect.
DO CONTINENTS DRIFT?
In an appendix to the first edition of his classic work The Earth, published in 1924 , Sir Harold Jeffreys (1891 −1989 discussed "The Hypothesis of the Indefinite Deformability of the Earth by Small Stresses" and concluded that " [t] he assumption that the earth can be deformed indefinitely by small forces, provided only that they act long enough, is . . . a very dangerous one, and liable to serious error" (Jeffreys 1924, p. 261) . He was, of course, discussing the forces that had been proposed to cause continental drift. The same year saw the publication of the English translation of Alfred Wegener's (1880 Wegener's ( -1930 geological classic The Origin of Continents and Oceans (Wegener 1924 ). Jeffreys made no reference to the fit between South America and Africa that was one of the main pieces of evidence cited by Wegener, presumably because both books were published in the same year. Five years later in the second edition of The Earth, in a fascinating appendix headed "The Relation of Mathematical Physics to Geology", Jeffreys (1929, pp. 319-325 ) discussed Wegener's views in some detail. As Jeffreys noted, it was a time when: "The hypothesis of continental drift has received a great deal of attention". He quoted an unnamed, but "wellknown", geologist to the effect that: "If adequate geological proof of continental drift is forthcoming, geologists will believe it despite any assertion of its physical or mathematical impossibility".
Such a statement clearly aroused Jeffreys' ire for he wrote that " [t] hese remarks amount to a denial of the right of geophysics to exist" (Jeffreys 1929, p. 330) . This was reminiscent of Lord Kelvin's claim that Earth could not be more than forty million years old because the physics of the day, without radioactivity, provided no mechanism.
Thirty years later, Jeffreys reiterated his view that South America and Africa did not fit together in the following words: "[p]erhaps the best-known argument for continental drift is the alleged fit of South America into the angle of Africa" (Jeffreys 1959, p. 370) . He went on:
On a moment's examination of a globe this is really seen to be a misfit by about 15º. The coasts along the arms could not be brought within hundreds of kilometres of each other without distortion.
He was, of course, quite right: the coastlines do not fit together. What was puzzling about his argument is that it was not really relevant, because the coastline is not the edge of a continent. The edge of a continentthat is, the boundary between continental and oceanic crustlies somewhere beneath the deeper water of the continental slope.
Wegener was aware that the boundary between continents and oceans was not at the coastline. He wrote: "[a] map of the continental blocks is given in Fig. 27 . Since the [continental] shelves belong to the blocks, the outlines deviate considerably at many points from the coastlines" (Wegener 1924, p. 212) . Thus the broad shelf extending from southern South America to east of the Falkland Islands largely removed Jeffreys' objection to the lack of a fit. It is the bathymetry of the continental slope that is an excellent fit, yet it seems clear from Jeffreys' writings that he regarded the shallow water areas adjacent to the continents as belonging to the oceans, for he continued:
The widths of the shallow margins of the oceans lend no support to the idea that the forms have been greatly altered by denudation and deposition; and if the forms had been altered by folding there would be great mountain ranges pointing towards the angles and increasing in height or width, or both, away from the angles, which is not the case.
It is unclear why Jeffreys held one view about the continental shelves and Wegener another: neither was a geologist by training. It may well be that Wegener's familiarity with rocks in the field as a result of his travels and polar expeditions provided him with the necessary insight. One can only speculate on how Jeffreys' views might have changed and how geophysics itself might have evolved had Jeffreys realised his error.
Jeffreys' views about the Earth and how it behaved were very influential, not only among physicists but also among open-minded geologists such as Arthur Holmes , who praised Jeffreys' 1959 edition in a review of his great work (quoted on the dust jacket) for its "[s]ound physics, brilliant mathematics and . . . unusually lucid style".
It is often said that Jeffreys claimed to prove that continental drift could not occur, but in reality what he showed was that the forces appealed to by Wegener (and others) as providing the necessary drivers for moving continents across the globe were insufficient for the purpose. For most geophysicists and many geologists, the inability at the time to identify any major forces that could have moved the continents around more or less settled the argument in favour of the 'fixists'. 'Drifters' were generally regarded as academically suspect.
Jeffreys dismissal of the fit between South America and Africa view was quoted by the Tasmanian geologist, Samuel Warren Carey (1911 Carey ( -2002 , who in 1958 had produced a visual fit between the South American and African continental margins, rather than the coastlines (see Figure 1 ). Carey's reconstruction was part of his much longer exposition of global tectonics. In it he set out a new theory of continental drift, coining many new terms that were probably distasteful to geophysicists (Carey 1958, pp. 191-198) . He named the non-linear shapes of mountains 'oroclines' (Carey 1955) . Their non-linear character was interpreted by Carey as the result of strain: in several cases the recipe for finding out what the mountain belt had originally looked like was simply to straighten out the orocline, as in the case of the Alaskan fold belt of western North America. The triangular spaces created by rotating one continental fragment about a nearby point away from another continent, were termed 'sphenochasms', and other spaces were termed 'rhombochasms'. Carey's (1958, Figure 21) Carey seems to have believed that, when all the continents had been joined together to form Pangaea (sic), there would be no gap in the reassembly. Yet however he manipulated the continents, there was always a wedge-shaped gap between them. For example, one version showed the Tethys opening to the east. He could only remove this gap by reassembling Pangea on a much smaller Earth, which led him to the idea of global expansion (Carey 1959, p. 318) . Continental separation was therefore the result of that expansion. All of this seemed unbelievable to fixists. It took some time before readers of Carey's work mentally separated his work on reconstructions from his new theory of tectonicsmuch of which, apart from the global expansion, actually contained the essence of the geometry of continental motions. It was longer still before his tectonic theory was recognized as being of fundamental importance.
During this period Jeffreys frequently visited the small Department of Geodesy and Geophysics in the University of Cambridge headed by Sir Edward Bullard (1907 Bullard ( -1980 ). In Cambridge there were then two other Earth Science Departments, as they would now be known: the Department of Geology, and the Department of Mineralogy and Petrology. Both were small, and both jealously guarded what each considered their own territory. Brian Harland in the Department of Geology was the only staff member in that department who seriously considered that Wegener's ideas about continental drift might have some relevance. But at the time the only Earth Sciences department in Cambridge where scientific ideas were freely batted to and fro by everybody, from the head of department down to the newest graduate student, was the Department of Geodesy and Geophysics.
The batting, as it were, took place in the Department's coffee room, which was one of its great strengths, housed in one of the reception rooms of an old farm out on the Madingley Road. In a room papered on each wall, floor to ceiling, with oceanographic maps of the world, we would gather twice a day, at coffee and at tea, to swap ideas and to listen to Bullard, Maurice Hill (1919 -1966 ) and a range of visiting gurus from Woods Hole and Scripps Institution of Oceanography holding forth on the new contentious concepts of oceanography, the Earth's structure and continental drift. As Bullard reminded researchers, his principal concern was that they should 'bring home the bacon'. It was a great day when Fred Vine and Drummond Matthews descended from their (former) hayloft to announce their interpretation of the magnetic lineations on either side of the mid-Atlantic Ridge as evidence for sea floor spreading and reversals of the Earth's magnetic field. Because of this dynamic interaction, we freely acknowledge that many of our ideas had a collective genesis.
Carey's work formed a part of the disparate ideas and evidence that at the time made any discussion about the Earth such a vigorous and often emotional affair: ocean-floor spreading; palaeomagnetism; an expanding Earth; drifting continents; fixed continents. All this was exciting, but also very perplexing. What Carey had done in his reconstruction of South America and Africa was very simple: he had visually fitted together the 100-fathom (~200 m) and 1,000-fathom (~2000 m) bathymetric contours, rather than the coastline. Though visual, Carey made his reconstruction very carefully by building a 30-inch (75 cm) globe and using it as a template for moveable spherical plastic caps Carey 1958, pp. 218-221) . The contours were traced onto the caps which were then manoeuvred until the fit was judged to be the best attainable. The fit at 2,000 m was stunningly good (Figure 1 ).
As Bullard himself remarked, the eye is an excellent judge of the goodness of fit of two curves. Nevertheless, Jeffreys reiterated his view, presumably about Carey's work: "I simply deny there is an agreement" (Jeffreys 1964, p. 16) . His objection to the concept was in line with the then dominant paradigm, that the current physical models did not permit continental drift. As noted by Bullard et al. (1965, p. 41) : "The reason for this skepticism is not clear; perhaps it is connected with doubts about the accuracy of Carey's fits carried out on a globe provided with moveable transparent caps".
THE FIT OF THE SOUTH ATLANTIC CONTINENTS
Despite being a fixist at the time, Bullard himself was impressed by the fit and in September 1962 he set his PhD student, Jim Everett, to find the answer to the question: mathematically, just how good is the fit between South America and Africa? Orto put it another waywhat is the degree of misfit? Using the early Cambridge University mainframe computer EDSAC 2, Jim Everett wrote a program that not only fitted together any two wiggly lines on a sphere (as a least-squares fit), but also showed which bathymetric contour gave the best statistical fit (Everett 1965, pp. 1−12) . He carried out this work through to the end of 1963, manually digitizing the continental margins at a range of contours, from the Times Atlas of the World (Bartholomew 1960) , developing the method of fitting, and generating the fit for the South Atlantic. The computer's output did not differ greatly from the visual fit, but the computer enabled the result to be quantified and the 'degree of misfit' to be determined.
Computational method.
In his then ignorance of any established computational method, Everett devised a method from first principles of spherical geometry, which he subsequently learned was an application of Euler's fixed-point theorem. Each continental contour was expressed as a wiggly line made up of a series of digitised points, each point defined by its latitude and longitude. The objective was to move one line onto the other so as to minimise the amount of misfit (see Figure 2) . Any movement of a line on the surface of a sphere was equivalent to a rotation around some fixed point on the sphere. The movement could therefore be expressed by three parameters, namely the latitude and longitude of the centre of rotation, and the angle of rotation. Redrawn from Bullard, Everett and Smith (1965, Figure 1 ).
Minimising the misfit after rotation was achieved by minimising the sum of the squared misfit distances between each point and the other line. For a given centre of rotation, the coordinates of each point were transformed to a latitude and longitude, relative to the centre of rotation, treated as if it were the North Pole. Rotation by a given angle was then equivalent to adding that angle to the transformed longitude of each point on one of the lines. The misfit for each point was the amount its transformed and rotated longitude differed from the other coast's transformed longitude at the same transformed latitude, interpolated between the transformed points on the other line.
Minimising the sum of the squared misfits required the summed misfits to be zero, so for any centre of rotation the appropriate angle of rotation could quickly be calculated as the average misfit before rotation. An iterative method was used to optimise the other two parameters, i.e. the latitude and longitude of the centre of rotation.
The computational procedure, programmed in a primitive language known as 'EDSAC Autocode', was therefore:
Pick a starting centre of rotation, and calculate the summed square misfit. 2.
Increase the latitude of the centre of rotation by one degree, successively until the misfit stopped improving, 3.
Increase the longitude of the centre of rotation by one degree, successively until the misfit stopped improving, 4.
Decrease the latitude by half a degree in successive steps as above, 5.
Decrease the longitude by half a degree steps.
The process was repeated, alternately increasing and decreasing the latitude and longitude of the centre of rotation by steps, which halved on each reversal of direction, until the spiral process yielded a minimum summed squared misfit (see Figure 3) . There was always the danger that this type of iterative approach could lead to a local, not global, optimum. To check for this possibility, the iteration was restarted from a number of different initial centres of rotation, but always spiralled in to the same solution, as shown in Figure 3 . Everett thought up the iterative processwith successive halvings and reversalsfrom scratch, but it was essentially an application of Euler's theorem and was apparently the first in this field. The method used was simple and elegant. Other methods have been developed since, but do not give answers that are significantly different. Bullard, Everett and Smith (1965, Figure 2 ).
The fitting procedure was repeated for the coastline and for a range of bathymetric contours. The fits calculated for the steepest part of the continental shelf (500-fathom and 1,000-fathom contours) were considerably better than for the coastline or for deeper contours (Figure 4) . Bullard, Everett and Smith (1965, Figure 3 ).
Map-making
Thus the question of how good the fit is between South America and Africa was quantified for the first time. But it needed to be displayed on a map for all to see. A few features were removed from the contours to improve the fit. In some cases there was a geological justification for their removal. For example, the Niger Delta, which overlapped the northeastern part South America, was assumed to have been created by the deposition of sediments by the Niger River, causing the steady outward growth of the delta from Africa. Eliminating the Walvis Ridge also improved the fit, but there was no obvious rationale for doing this at the time. It was at the time an ad hoc manoeuvre (but see Section 6).
It is not generally realised that the data for fitting the continents together were digitized by hand, and that the maps of their rotated positions were all drawn by hand. The data points for fitting the bathymetric contours were laboriously read off the Times Atlas maps. Once the best fit had been determined, Everett wrote a second program to calculate {x, y} Mercator coordinates for the present-day geographic grid of South America, rotated to its best-fit position relative to Africa. The grids were then drawn and the coastlines were interpolated by eye from detailed present-day maps: in those days there were no digitised bathymetric and coastline data-sets nor any digitising tables or flat-bed plotters.
We can now return to Carey's reconstruction (Figure 1 ) of the 1,000-fathom (2,000 m) bathymetric contour of South America and Africa (Carey 1958, Figure 21, p. 223 ). Carey had an excellent intuitive understanding of map projections and used qualitative methods to achieve his results. By following through his method, it was possible to derive an Euler rotation for his reconstruction and compare it with the least-squares best fit. His Euler rotation was estimated to be 55.85º, around a centre at 45.1ºN, 30.1ºW (estimated from Alan Smith's notes), compared to a rotation of 55.74º around a centre at 47.53ºN, 32.94ºW for our study. An exact comparison was not possible because the 1,000-fathom contours used by Carey differed somewhat from those of the Bullard, Everett and Smith study ( Figure 5) .
Another difference was that although Carey noted the overlap of the Niger Delta and Walvis Ridge of West Africa onto South America and of the Martin Vaz Ridge of eastern South America onto Southwest Africa, he did not remove them from his data, but ignored them visually instead. Quite remarkably, he also estimated the angular misfit as +/-40´ of arc (in close correspondence to our root mean square result). The earth sciences, and tectonics in particular, are indebted to Carey for pointing the way to a quantitative description of global continental movement, which would eventually become the science of plate tectonics. Bullard, Everett and Smith (1965, Figure 8 ).
In retrospect, it is acknowledged that measuring the misfit as longitude misfit (instead of distance misfit) gives extra weight to the points closer to the centre of rotation. This could have been corrected by converting the longitude misfits to distance, but it would not have made much difference. With the data used, digitised at equal intervals along the contour line, stretches of data running close to equal (transformed) latitude are overweighted. This problem probably had only a small influence, but could have been removed by expressing the misfit as total area of misfit, instead of summing up the longitude misfits for the digitised points.
THE FIT OF THE NORTH ATLANTIC CONTINENTS
Alan Smith had graduated from Cambridge in physics and geology and went to Princeton for graduate work, where Harry Hess (1906−1969) was beginning to put together his ideas on ocean-floor spreading. Though fascinated by Hess's ideas, he was unconvinced of their correctness, and also of Carey's exposition of oroclines and sphenochasmswhich Carey presented at a graduate seminar in Princeton. Smith was also heavily influenced by Jeffreys, who had presented the apparently irrefutable arguments outlined above, that the forces needed to move continents around were much larger than any that had so far been proposed. While completing his PhD, Smith was fortunate to have been employed as a research associate by Bill Bonini at Princeton, during which time he learned computer programming. He joined the Department of Geodesy and Geophysics as a research assistant at the end of 1963 on a project whose aim was to date the rocks on the conjugate margins of the South America and Africa, thereby placing some time constraints on the break-up of the two continents . But on learning of Everett's work, Smith became involved with him in applying his method to the North Atlantic continents, providing much-needed geological expertise. He became the third member of a trio of geophysicists, highly sceptical about continental drift but deeply involved in 'fitting continents together'.
How to join the North Atlantic continents together was not so clear-cut as finding the best fit between South America and Africa. We started by assuming that as for the South Atlantic, the 500-fathom line was also the best-fitting contour for the North Atlantic continents. We then digitised this contour using the so-called 'blue charts' (US Hydrographic Office 1961, 15: 254) that Harry Hess in his capacity as a Rear Admiral is said to have persuaded the US Navy to release for scientific purposes.
The basic problem in making a North Atlantic reconstruction was in knowing what to retain and what to remove. This required some geological knowledge and some ad hoc assumptions, similar to those made in deciding that the Walvis Ridge should be removed from the fit between South America and Africa: something that could not at that time be fully justified.
Despite the care with which he drew his maps, Carey's North Atlantic reconstruction was poor (Carey 1955, Figure 19; Carey 1958, Figure 10 ): in particular, it showed a large gap between southwest Greenland and Labrador. This gap was partly due to the retention of Iceland, which Carey placed north of Norway. This placement had knock-on effects that resulted in failure to close the gap between Greenland and North America, and positioning Eurasia much further south than on Figure 5 . We omitted Iceland, which seemed reasonable, given its volcanic nature (though one could imagine that the volcanic rocks covered a buried continental fragment). We also excised major parts of the FaeroesGreenland ridge between Greenland and Britain, and the Davis Strait between Greenland and Baffin Island, but retained Rockall, despite its volcanic nature, at the surface, partly because it filled an otherwise empty space. The result was a plausible best fit of the 500-fathom line of the North Atlantic continents.
THE CIRCUM-ATLANTIC FIT
In completing the fit, we realised that the North and South Atlantic continents could be joined by rotating Iberia and closing the Bay of Biscay. Carey (Carey 1955, Figures 2−4, pp. 257−262; Carey 1958, Figures 32A and 32B, pp. 257−261) regarded the Bay of Biscay as the type example of a sphenochasm, i.e. a triangular oceanic area that could be 'removed' by rotating Iberia back to France about a point in the Bay of Biscay. We verified Carey's suggestion using the least-squares method; and our result was broadly consistent with the evidence becoming available from palaeomagnetic studies, which showed a difference in magnetic declination between Iberia and Europe (Schwarz 1963) . As Carey had argued, the opening of the Bay of Biscay was the cause of the folding in the Pyrenees. Our work closed the very large Atlantic rhombochasm and the Biscay sphenochasm, and also indirectly supported Carey's ideas on the straightening out of the Alaskan orocline (which he believed was the cause of the Iceland's movement to the north of Norway).
The fit of the circum-Atlantic continents brought together what geologists know as the supercontinent of Laurasia (North America, Greenland and most of Eurasia) and the western part of the supercontinent of Gondwana (South America and Africa). This assembly provided the foundation for a computer generated Pangea, which needed only east Gondwana (India, Arabia, Antarctica, Madagascar and Australia) to be added to it to be complete. One remaining area of misfit, which we ignored at that time, was the region of the Caribbean.
The final result ( Figure 5 ) is sometimes referred to as 'The Bullard fit'a term that Bullard himself used in a popular article about the work in the Scientific American (Bullard 1969) . It should be clear from the foregoing account that Bullard had the initial idea for a quantitative fit, but the methodology and its execution were the work of the authors of this paper.
The fitting method is an application of Euler's theorem. The rotations are commonly referred to as Euler rotations; the pole (or centre of rotation) is called the Euler pole and (to a lesser extent) the angle of rotation is identified as the Euler angle.
RETROSPECT
At the time of our circum-Atlantic reconstructions, the dominant opinion about continental drift was changing from dismissive to agnostic. Like most other earth scientists of the time, we had found Vine and Matthews's (Vine and Matthews 1963) evidence of ocean-floor spreading baffling. We realised that the continents probably had fitted together at some time in the past, but many of us mentally assigned their break-up to a very early period in the evolution of the Earth. When the evidence from the distribution and nature of seismic activity, coupled with the ocean-floor spreading, gave rise to plate tectonics (e.g. Isacks et al. 1968; McKenzie and Parker 1967; Morgan 1968 ) then the significance of these best-fit computations became abundantly clear.
After completing his PhD in 1965, Everett went to the Australian National University to work on magneto-telluric research, with a subsequent career in the petroleum and minerals exploration industries, before returning to academia studying information management at the University of Western Australia.
Alan Smith joined the staff of the Cambridge University Department of Geology. The next steps followed rapidly. The first was the addition of a rotation function into Robert Parker's map-making program (known as SUPERMAP) and second the availability of digitized data. These together enabled Smith to continue the work of continental fitting, producing a least-squares fit of Gondwana (Smith and Hallam 1970) that quantified Du Toit's (1937) reconstruction of Gondwana, but set the result in the new language of plate tectonics. Adding the circum-Atlantic to the circum-Indian Ocean fitequivalent to adding Laurasia to Gondwanagave Pangea, which Carey had visually constructed (Figure 6 ). By adding palaeomagnetic data, the first Phanerozoic global reconstructions were produced (Smith et al. 1973) .
We know now that when continents break up they stretch, becoming thinner toward the ocean. The stretching is non-uniform and can give rise to locally thinned areas of continental crust well away from the edge of a continent. There is no universally applicable Figure 6 . 'Draft assembly' of Pangea, redrawn from Carey (1958, Figure 39d ). Reproduced by permission of the University of Tasmania. bathymetric contour which shows the edge of a continental margin before ocean-floor spreading takes place: the best contour can vary somewhat according to the age of the margin. For most margins the 500-fathom line is probably too shallow and the 2,000 m (~1,000 fathom) contour generally gives a better estimate of the edge of a continent.
The new continental margins formed by the break-up of a plate are eventually covered by thick sediments that act as reservoirs for oil and gas. For petroleum exploration, it is important to know how much stretching has taken place and when it took place. The continental reconstructions have found a similar application in the search for diamonds. This 'blue-sky research', undertaken some twenty or more years after the purely scientific problem had been solved, has turned out to be of fundamental importance to commerce, something that could not have been anticipated at the time.
Today, global reconstruction programs and their data fit onto a laptop, with plenty of space to spare, producing results in a few seconds, rather than completely taking over a mainframe computer for half an hour as was the case for our work in the 1960s. For research students and research assistants, the allocated half-hour periods on EDSAC 2 tended to be in the small hours of the night.
We count ourselves privileged to have been in the Department of Geodesy and Geophysics in Cambridge at a time when it made a major contribution to a celebrated paradigm shift in the earth sciences.
